The effects of maturation and aging on cell stability and maintenance of protein expression have been examined in adult Drosophila melanogaster. Counting the number of cells present in the antenna of the adult fly revealed little loss in cell number with aging. Enhancer trap-marked genes expressing/3-galactosidase (fl-gal) in the antenna and an Rhl opsin reporter gene construct expressing fl-gal in the R 1-6 photoreceptor cells of the compound eye revealed no alteration in spatial distribution or amount of fl-gal with aging. A heat shock-inducible promoter coupled to the expression of/5-gal, hsp70-lacZ, revealed that the rate and amount of induction offl-gal after heat shock is preserved during aging but the rate of decay of fl-gal may be slightly delayed in older animals. These studies suggest that the ability to express a reporter protein, fl-galactosidase, is preserved in at least a subset of cells in the aging fly.
Introduction
Much has been written about changes in macromolecular expression during maturation and aging in a variety of animal systems, both in vivo and in vitro (Richardson, 1981; Levenbook, 1986; Arking and Dudas, 1989; Finch, 1990; Remmen et al., 1995) . In general these studies show a steady decline in total RNA and protein expression with age. The most common mechanism suggested for the decline in macromolecular expression with age is a global decrease or debilitation of the cellular machinery required for expressing these macromolecules (Webster, 1985; Webster, 1986) .
Despite the many reports of a general decline in total RNA and protein expression with age there have been a number of reports of macromolecules whose expression does not decrease with age (e.g. elongation factor-1 alpha (Shikama et aL, 1994 ); hsp27 and other major heat shock molecules (Fargnoli et al., 1990) ; actin (Liu et al., 1989) , hsp70 (Niedzwiecki et al., 1991) ). The observation that some species of RNA and protein continue to be ex-* Corresponding author. Tel.: +l 203 6794200; fax: +1 203 6792910; e-mail: shelfand @ neuron.uchc.edu pressed throughout life suggests that the loss of RNA and protein expression often seen during aging may be the result of gene regulation. The ability of cells to express macromolecules may not be lost as a general feature of aging.
The adult fruit fly, Drosophila melanogaster, provides a good system for the investigation of macromolecular expression during maturation and aging. It is known, for example, that, except for cells in the gonads and some cells in the gut, there is no cell mitosis in the adult fly. This has led to the proposal that the adult fly consists of a set of synchronously aging cells (Arking and Dudas, 1989; Arking, 1991) . The fact that there are no new cells added during adult life avoids the confounding problems that arise when trying to assess macromolecular expression in an adult organism where new cells are added. A second advantage of Drosophila melanogaster is the availability of molecular genetic techniques such as the enhancer trap and reporter gene system (O'Kane and Gehring, 1987; Freeman, 1991) . This technique allows the examination of the expression of single genes in individual or subsets of cells in the intact animal. In this paper we show the results of our studies using the enhancer trap and reporter gene techniques to examine the expression of a fl-galacotsidase (fl-gal) reporter gene in aging cells.
R e s u l t s

The number of cells present in the third segment of the antenna of the adult fly does not change significantly with maturation or age
It is known that most cells of the adult fly, including the cells in the third segment of the antennae (both neuronal and non neuronal) are postmitotic. Therefore there is no addition to their numbers during adult life (Bozuck, 1972; Ito and Hotta, 1992) . In order to determine the relative stability of these cells during aging we counted the number of cells present in serial sections of the third segment of the antenna (the principle olfactory organ of the adult fly) from 7-day-old and 50-day-old male flies (mean life span 40 _+ 0.7 days; mean _ SE). A total of 18 antenna were examined; nine from each age. We found the average number of antennal cells in 7-day-old and 50-day-old male flies to be very similar; 2290 _+ 195 versus 2040 _+ 86 respectively (mean _ standard error; ANOVA P > 0.20). The number of ceils lost in the antenna of the adult fly over its life time appears to be negligible.
Enhancer trap marked genes show that the expression of fl-gal is unchanged with age in many cells of the adult antenna
Since there is no addition and little loss of cells in the third segment of the adult antenna, this well circumscribed sensory organ provides an excellent system for examining the expression of macromolecules in a set of synchronously aging cells. Ten different enhancer trap stocks which contain marked genes expressing/3-gal in the adult antenna showed no decrease in expression of/3-gal throughout the entire adult life span. An example of one such line, 206, is shown in Fig. 1 . Visual inspection shows that the spatial distribution and level of/3-gal expression does not change with age (Fig. 1A,B) . Quantitative measurement of/3-gal expression using our optically based system of quantitation (Fig. 1C) confirms that the level of/3-gal expression remains constant throughout life (mean life span 41 _ 0.9 days; mean _+ SE).
Reporter gene stocks show that the expression of/Cgal is unchanged with age in retinal cells of the adult eye
A study of the photoreceptor cells of the adult fly retina has shown that there is little loss of these cells with aging (Leonard et al., 1992) . Since they are known to be postmitotic, we were able to make use of this well defined sensory organ as a model for examining the fl-gal reporter protein during maturation and aging in a set of well defined cells. Fly stocks containing the Drosophila Rhl opsin gene regulatory region fused to lacZ were used to examine the level of/3-gal expression in the retina of maturing and aging animals. In this construct, the promoter drives the expression of fl-gal in the same set of cells as the normal Rhl opsin, the photoreceptor cells R1 through R6 (Mismer and Rubin, 1987) . Fig. 2 shows the results of examining fl-gal levels throughout the life of these flies. Figs. 2A ,B are frozen sections through the head of a 10-day-old and 55-day-old male fly (mean life span 38 _+ 0.6 days; mean _+ SE) that have been reacted with X-gal to reveal the presence of flgal. There is no qualitative difference in the level or spatial distribution offl-gal expression. the quantitative measurement of fl-gal expression using the chromogenic substrate for fl-gal CPRG, reveals that there is no significant difference due to age.
Heat shock induction of a fl-gal reporter protein coupled to the Drosophila hsp70 gene is intact in the heads of old animals
A fly stock containing the bacterial lacZ gene fused to the Drosophila hsp70 gene was used to assess heat shock inducible protein expression in aged animals (Lis et al., 1983) . Measurement of survival responses to a 2-h 37°C incubation showed little difference in the rate of survival from heat shock with age. Both male and female flies aged 10 days to 50 days showed an 85-95% survival rate in response to heat shock. Survival of 60-day-old flies was slightly less being 75%.
Heat shock inducible expression offl-gal in the head of the fly was similar for all ages examined 2 h after a 2 h heat shock. Fig. 3 shows the amount of fl-gal induced in female and male fly heads. The level of induction of females is between 400 and 600% above uninduced while the level for males varies between 400 and 700% above uninduced. The level of induction for females appears to show a trend towards increase with age. The difference between the two extremes, day 10 and day 60, shows a significance of P < 0.05. With males, although the level of induction seen with 60-day-old males appears to be less than for 40 and 50-day-old males, this difference is not significant (P > 0.05 compared to 50-day-old males and P > 0.1 compared to 40 day old males; Student's ttest). Mean life span is 37 _ 0.8 days; mean _+ SE.
The rate of induction of a ,8-gal reporter protein is preserved in heads of old animals
The hsp70-lacZ stock was used to examine whether the time to peak induction, a gross measure of the combined speed of transcriptional activity and protein expression, is altered with age. Fig. 4 shows the amount of fl-gal produced in the fly head at hourly intervals after the termination of our standard 2-h heat shock induction for Fig. 2 . Effect of age on expression offl-gal in R1-6 photoreceptor cells. Representative frozen sections through the head of a 10-day-old fly (A) and a 55-day-old fly (B) reacted with X-gal to reveal the presence offl-gal. The dark staining represents the site offl-gal expression. In this stock the reporter protein, fl-gal, is expressed in the cytoplasm of the R I~ photoreceptor cells. This accounts for the dark staining both in the R I~ cell bodies, located in the retina, and the lamina of the visual cortex to which the Rl4i cell axons project. (C) Quantitation of the fl-gal in the heads of these animals with age using the CPRG assay. Each bar represents over 40 different antennae. Males and females at each age showed no significant difference and were averaged together. Error bars are SEM.
10-and 55-day-old male and female flies. The time of peak expression offl-gal induction is 1 h after the 2-h heat shock induction for 10-day-old males and females and 55-day-old males. The 55-day-old females show a slight delay peaking between 1 and 2 h after the termination of heat shock. Animals that were 30 days old showed a response similar to that seen with 10-day-old animals (data not shown).
The rate of decay of ff-gal is slightly slower in old age
The rate of decay of fl-gal after heat shock induction was also examined. Fig. 4 shows that the rate of decline in the amount offl-gal is slightly delayed in older ages; there is a shift in the decline in fl-gal when comparing 55-dayold flies to 10-day-old flies. The levels offl-gal appear to be at uninduced levels by 5-6 h after the termination of heat shock for 10--day-old animals and not until 6-7 h or later for 55-day-old animals. Animals that were 30 days old showed a response similar to that seen with 10-dayold animals (data not shown). Hours after end of induction Many studies have shown that total protein and RNA expression declines with age; reviewed by (Richardson, 1981; Levenbook, 1986; Arking and Dudas, 1989; Finch, 1990; Remmen et al., 1995) . This observation has often been interpreted to indicate that the ability of cells to make protein and RNA declines with age. Such an interpretation places severe limitations upon models of aging which emphasize the role of non-random changes in gene expression. Even the most restricted of programmed models requires that the cellular machinery for macromolecular synthesis be intact at least up until the time at which critical genes are expressed. We have recently reported that the level of expression of a number of genes in the adult fly changes over the life span of the fly in a stereotypic time-dependent manner suggesting that gene regulatory mechanisms remain active throughout the fly's adult life Rogina and Helfand, 1995) . The validity of this interpretation and its relevance to theories of programmed gene expression during maturation and aging is dependent upon a better understanding of the physiological status of the cell with age.
The fruit fly, D. melanogaster, provides an excellent model for examining the status of individual or small subsets of cells in the intact animal during the process of maturation and aging. It is known that, except for cells in the gonads and some cells in the gut, there is no cell mitosis in the adult (Bozuck, 1972; Ito and Hotta, 1992) . The fact that there are no new somatic cells added during adult life avoids the confounding problems that arise when trying to assess alterations in gene expression during aging in an organism where cells are constantly being replaced. Any increases in gene expression seen during maturation and aging in the adult D. melanogaster are not due to the addition of new cells but to an alteration in gene expression in those cells already present.
Observations on the retinal system of the adult fly indicate that there is little loss of photoreceptor cells in the retina over the life span of the adult fly (Leonard et al., 1992) . In this report we have extended this observation to the third segment of the antennae, the principle olfactory organ of the adult fly, by showing that there is little loss of cells in the antennae during aging in the adult fly. Any large scale decreases in gene expression seen during maturation or aging in these two tissues are not due to cell loss.
The use of marked genes such as enhancer trap or reporter gene stocks provide the ability to examine the expression of single genes in individual or small subsets of defined cells. A majority of the previous studies which have analyzed the preservation and fidelity of RNA and protein expression in flies have measured changes in total RNA or protein in whole animals or tissues reviewed by (Richardson, 1981; Levenbook, 1986; Arking and Dudas, 1989; Finch, 1990; Remmen et al., 1995) . Even studies that focused on a particular gene or gene product required the pooling of many different cells. Interpretations of the results of these studies must be tempered by the effect of such pooling (Finch, 1990; Niedzwiecki et al., 1991) . Using the enhancer trap and reporter gene technique we have been able to show that a reporter protein,/3-gal, is continuously expressed in many of the cells of the antenna and the compound eye of the adult fly throughout life. This indicates that large scale decreases in RNA or protein expression in these cells during aging are not due to the inability of these cells to express protein. Since the measurements made are limited to only functional/3-gal protein this does not address the issue of the fidelity of protein synthesis with age. Nor does this approach address issues related to post-transcriptional processing of the native gene products.
Studies of the induction of/3-gal expression using heat shock inducible reporter constructs showed that the timing and amount of/3-gal expression upon induction was preserved at all ages. The decay of/3-gal expression after the termination of induction however showed some slight delay in old age. These results support and extend data previously presented by Fleming and his colleagues on hsp70 protein and RNA expression in aging D. melanogaster (Niedzwiecki and Fleming, 1990; Niedzwiecki et al., 1991) .
Our studies show that the expression of functional/3-gal protein is largely preserved in at least a subset of cells in the aging fly. The ability of cells to express macromolecules may not be lost as a general feature of aging (Finch, 1990; Remmen et al., 1995) . Taken together these data support the hypothesis that the general decline in total RNA and protein seen during aging may be a result of selective gene expression.
Experimental procedure
Fly stocks
The enhancer trap lines used in this study contained the P-lacW construct in which a nuclear targeting sequence is associated with/3-gal (Bier et al., 1989) . A description of these lines can be found in Helfand et al., (1995) . The Rhl opsin reporter gene construct used was obtained from G. Rubin (Mismer and Rubin, 1987) . The hsp70-lacZ containing stock was that described by Lis et al., (1983) .
Fly culturing
All flies were kept in plastic vials containing a standard corn-meal agar medium, with several grains of yeast added (Ashburner, 1989) . Approximately 30 flies were in each vial; flies were passed to fresh vials every 7 days. All flies were cultured in humidified temperature controlled environmental chambers at 25°C throughout development. Adult flies were collected without anesthesia within 2 h after eclosion from pupae and put in humidified temperature controlled environmental chambers set at 25°C. Male and female flies were aged together in the same vial.
Mean life span
Life span studies were carried out using methods of collection and culture noted above except that the flies were passed into fresh vials every other day at which time the number of dead males and females were recorded. Over 400 male and female flies were scored for each life span study.
Sectioning and counting of cells in the third segment of the adult antenna
Seven and 50-day-old male heads were embedded in paraffin, 8/tm serial sections obtained, and sections were treated with Scarba red to stain the nuclei (Ashburner, 1989) . Each section was photographed, the number of nuclei counted twice blind by the same individual (less than a 10% difference was noted), and sum total of nuclei for each antenna determined. Nine antenna from six different flies were examined for each of the two time points (total of 18 different antenna examined). ANOVA was used to show that there were no statistically significant differences between the two age groups.
Whole mount X-gal staining and quantitation
The amount of fl-gal expressed in the antennae of the enhancer trap lines is too low to be detected by standard chromogenic assays such as chlorophenol red-fl-D-galactopyranoside (CPRG) (Glaser and Lis 1990) . We made use of an optically based computer-assisted video microscopy system for the quantification offl-gal which uses Xgal reacted whole mounts as detailed previously Helfand et al., 1995) .
At least 20 male and 20 female fly heads were sampled at each time point, using methods previously described Helfand et al., 1995) . Standard procedures for X-gal staining were followed (Ashburner 1989; Blake et al., 1995) . Quantitation of levels of fl-gal expression in the third segment of the antennae, as measured by amount of staining was performed using computerassisted video microscopy . Images of at least 40 antennae from a particular time point, were analyzed. The reliability of the system is such that capture of the same image at different times shows <2% difference in values.
X-Gal staining of sections
Frozen (cryostat) sections 8/zm thick of whole heads from the Rhl opsin-lacZ stock were reacted with a standard X-gal solution as per protocol 74 of Ashburner (1989) .
CPRG quantitation
Individual fly heads, whose proboscis and esophagus were removed in order to eliminate contamination of bacterial fl-gal from bacteria endogenous to the digestive system, were homogenized in a 50 mM K2PO 4 (pH 8.15)/1 mM MGC12/0.25 mM phenlymethylsulfonyl fluoride (Glaser and Lis 1990 ). Ten to twenty-five percent of the homogenate was added to an equal volume of 10 mM CPRG in homogenization buffer, incubated for 18 h at 37°C (during which time the assay was found to be linear), and the A550 was determined using a Titertec Multiscan plate reader. Values for triplicate samples were averaged. Absorbency values were converted to units offl-gal using a dose response curve generated with purified fl-gal (Sigma Chemicals). Ten percent of the original homogenate was used to determine the total protein concentration using the Pierce protein assay. At least 10 fly heads, male and female were examined for each time point.
The additional step of removing the esophagus and proboscis from the head before determining the amount of fl-gal present eliminates any contaminating fl-gal contributed by bacteria in the gut. Bacteria associated with the gut can make a substantial contribution to the level of fl-gal measured when examining whole animals which includes the abdomen. The head was chosen because there is little involution of the tissues in the head with age as opposed to the large involutional changes seen in the thorax and abdomen with age (Arking and Dudas, 1989) . The head represents approximately 10% of the total weight of the adult fly.
Heat shock
Heat shock protocol was as per Niedzwiecki and Fleming (1990) and Niedzwiecki et al. (1991) except that the 10-20 adult animals in each age group were placed in thin walled plastic bottles and transferred to a water bath set at 37°C for 2 h. A thermometer placed inside the bottle showed that it reached 37°C in 15-20 min. After 2 h of heat shock the animals were transferred to a climate controlled incubator set at 25°C for an additional 2 h prior to fl-gal measurement. The time, 2 h after heat shock, was chosen based upon studies showing this to be a time at which fl-gal expression is maintained at its peak of induction. The data for this are shown in Section 2.5.
The heads of at least 10 males and 10 females were prepared as noted above for quantification of fl-gal with CPRG and measurement of protein concentration. We found that 10-15% of both male and female animals in each age group failed to be induced to make fl-gal. This variability in response to heat shock induction has previously been described for hsp70 mRNA (Niedzwiecki and Fleming, 1990; Niedzwiecki et al., 1991) . In these earlier cases the assays used required the pooling of at least 20 different animals. Using our single fly assay we found that 10-15% of the animals are not induced to make fl-gal by heat shock. We hypothesize that the lack of induction in a subset of animals may in part may be responsible for the variability noted in earlier studies on D. melanogaster (Niedzwiecki and Fleming, 1990; Niedzwiecki et al., 1991) . All animals that gave less than a 1.5-fold induction offl-gal expression were excluded from our analysis. Approximately equal numbers of animals were excluded from each age group.
Measurement of decay offl-gal expression after heat shock
The conditions for heat shock were the same as noted above and all animals were placed at 25°C after heat shock. At least 10 male and female flies were taken at sequential times after heat shock and fl-gal level determined using the CPRG assay above.
